Abstract. In this study, Mg-Ca-Zn-Co alloy specimens for biomedical applications were produced by the powder metallurgy method. The Mg-Ca-Zn-Co alloy could be used as a scaffold material in tissue engineering applications. Electrochemical corrosion behavior of the specimens was investigated in simulated body fluid environment. Electrochemical corrosion resistance of the specimens was increased with increasing Zn and Ca contents of the alloy up to an optimum composition and then decreased. Optimum values for Ca and Zn additions were about 0.7 wt.% and 3.0 wt.% respectively. Young's modulus values of the specimens were determined by nondestructive ultrasonic measurement. Alloying element addition increased the Young's modulus of the specimens. Precipitation hardening of the Mg-Ca-Zn-Co alloy increased the Young's modulus and the corrosion rate of the specimens.
Scaffold provides support for cells, and its architecture defines the shape of the new tissue. Scaffold material should be osteoconductive, biodegradable, and strong enough. Several scaffold materials, including hydroxyapatite and polymers, have been investigated. Brittle nature of ceramics and low strength of polymers have limited applicability of these materials. Stainless steels, Co alloys, and Ti alloys have been studied in hard tissue implants. However, they cannot degrade [1, 2] .
Mg has been recognized as a material for bone implants because it is biodegradable. Mg has potential as a scaffold material for bone substitute applications. Toughness of the Mg is greater than ceramics, whereas Young's modulus is close to bone that avoids stress shielding. Mg is essential to metabolism and found in the bone tissue. Mg shows poorer corrosion resistance in Cl -containing environments. As a result, Mg alloys could be developed as a biodegradable metal, with their fast corrosion rate in physiologic environment [1] [2] [3] [4] [5] [6] [7] .
It is essential to control corrosion rate and to improve strength of the Mg. Oxides or hydroxides that formed during degradation enhance activity of osteoblast during bone regeneration [1] [2] [3] . Mg alloys indicate close elastic modulus to bone compared with Ti alloys, better ductility than hydroxyapatite, and higher strength than polymers. Another important performance is the degradation rate. It not only matters to tissue healing period but also influences the loss of the mechanical properties during degradation [2] .
Studies on biomedical Mg alloys focused on two aspects. First is corrosion and biocompatibility evaluation. Most Mg alloys contain neurotoxicant Al and hepatotoxic rare earth elements. Another highlight is exploration of new Mg alloy system containing nontoxic element. The main issue of the Mg is related to its low strength and poor corrosion resistance. Mechanical integrity is destroyed before tissue has healed. Some Mg alloys, such as AZ31, and WE43 have been attempted as biomaterials. For these alloys, Al, Mn, Zr elements are employed to improve mechanical and corrosion properties. However, these products result in negative effects on humans [2] [3] [4] [5] [6] .
There are some drawbacks of Mg. First, yield strength of Mg is low. The second drawback is anisotropy. Third, Mg alloys must be formed above 300
• C as they lack formability. High temperatures result in grain growth. Precipitation during hot forming can make the grain size finer. Microstructure can be refined by pinning of the grain boundaries by particles. Due to biocompatible element Zn, Mg-Zn alloys are of high interest as implant materials. Zn is a grain refiner and enhances strength of the Mg alloys. Mg-Zn alloys revealed improved corrosion properties, which was attributed to the ability of Zn to form precipitates. Low volume fractions of MgZn decrease the corrosion rate, whereas larger volume fractions promote microgalvanic corrosion. Zn contents up to 5.6 wt. % improved the corrosion properties. Also, since maximum solubility of Zn in Mg is 8.4 wt. %, a considerable amount of Zn can be retained in a solid solution in Mg [3] [4] [5] . Mg-Zn alloys offer constant degradation rate owing to homogeneous microstructure. Zn improves corrosion resistance but also enhances mechanical properties. Mg-Zn alloys possess the highest capacity for aging due to the segregation of an intermediate phase [1] [2] [3] [4] [5] [6] .
Ca is an element in refining the microstructure and precipitates in Mg alloys, and in improving strength and corrosion resistance. Formation of a calcium-phosphate layer was observed during immersion in simulated body fluid beneficial on cell adhesion and corrosion protection [3] [4] [5] . MgZn is a precipitation hardenable alloy, in which solubility of Zn in the Mg decreases with increasing temperature. The radius of the Zn atom is smaller than that of Mg, while the radius of Ca is larger than that of Mg. Another feature is that mixing enthalpy between solute elements is negatively large. During aging, decomposition of super-saturated solid solution results in the formation of second-phase precipitates. Difference in atomic size and negative heat of mixing favors the formation of GP zones [7] [8] [9] [10] . Additions of Co to the Mg-Zn alloy raised the eutectic temperature and induced a response to aging. Microstructure of Mg-Zn-Co is finer than that of Mg-Zn. Intermetallic particles are refined by Co. Addition of Co permits use of higher temperature for solution treatment, which leads to larger supersaturation of Zn atoms and higher concentration of vacancies in Mg grains after solution and quenching, which enhance nucleation and increase density of precipitates. Increase in eutectic temperature permits use of higher solution temperature, ensuring greater supersaturation of Zn [9] [10] [11] . Kinetics of the aging is accelerated in Co-containing alloy. Co segregates into eutectic intermetallic particles or reacts with Mg to form MgCo 2 . Co has partitioned into Mg-Zn phases rather than forming MgCo 2 phase. As a result of increased Zn in the Mg solid solution, a larger volume fraction of precipitates could be formed during aging, which leads to larger driving force for precipitation. Increased driving force and enhanced diffusion rate of solutes leads to higher nucleation rates of precipitates [9] [10] [11] .
Bobe et al. [12] fabricated a biocompatible, biodegradable, open-porous, mechanically adaptable scaffold from Mg alloy by liquid phase sintering. Specimens of short fibers were evaluated under in vitro and in vivo conditions. The in vitro environment influenced the corrosion rates compared with in vivo. The culture media composition influences the ionic composition of the extract by selectively dissolving ions from specimens. Aghion et al. [13] produced Mg foams by powder metallurgy as a scaffold for drug delivery applications. The amount and delivery time of the released drug was controlled by a space holder. Microtomography was used to evaluate the structure. Corrosion behavior was characterized by the immersion test. Absorption of gentamicin was obtained by immersing foams in gentamicin solutions. Results show that the release profile of gentamicin was in accord with common dissolution kinetics of an active ingredient from polymeric drug delivery systems. Wen et al. [14] produced Ti and Mg foams by powder metallurgy route for scaffold applications. Starting materials were Mg and Ti powders. Ammonium hydrogen carbonate and carbamide particles were used as a space holder. Pore size was in the range of 200-500 m. Porosity contents were 78 % and 50 % for Ti and Mg foams, respectively. Yusop et al. [15] used the computation-aided solid free-form method as a method for scaffold production. With further optimization in topologically ordered porosity design exploiting material property and fabrication technique, porous biodegradable metals could be the potential materials for scaffolds. Aghion et al. [16] characterized the effect of porosity on the corrosion resistance of I. MUTLU Mg foams in NaCl and in the phosphate buffer saline solution. Foams were produced by the powder metallurgy method by using a space holder. Machined chips were used as raw material. Results demonstrate that the porosity has a significant effect on the corrosion behavior. Wen et al. [17] investigated the mechanical properties of porous Mg with the porosity of 35-55 % and the pore size of 70-400 m. Results indicated that the Young's modulus increases with decreasing porosity and pore size. Mechanical properties of the specimens were in a range of those of human bone. It is suggested that the porous Mg is one of the promising scaffold materials for hard tissue regeneration.
Until now, there has been limited study on the production of Mg-Ca-Zn-Co alloy for biomedical applications produced by powder metallurgy. In this study, the Mg-Ca-Zn-Co alloy was produced for biomedical applications by the powder metallurgy method. Although cast Mg-Ca-Zn/MgCa-Zn-Co alloys were studied [3] [4] [5] , studies on powder metallurgy Mg-Ca-Zn-Co alloy are limited. Corrosion behavior of the specimens was examined in a simulated body fluid. In addition, Young's modulus of the specimens was determined. Since the corrosion rates found in the literature are not as low as required for the application within the body, further investigations regarding an improved alloy composition design are required. In the range of the low alloyed Mgbased alloy, the effect of alloying elements on the degradation has not been fully investigated. In this study, both alloying elements Co and Zn were varied.
Experimental

Specimen production
Specimens were produced by the powder metallurgy method using Mg, Ca, Zn, and Co powders (Alfa Aesar, USA). Purity of the powders was >99.5 wt. %. Mean particles size of the powders was -325 mesh (about 34 m). In the alloy preparation stage, 0.3, 0.7, and 1.0 wt. % Ca, 1.0, 3.0, 5.0, and 8.0 wt. % Zn, and 0.3, 0.6 wt. % Co powder were added to the Mg powder. The powder mixtures were ball-milled, to prepare the alloys, using a ball-milling machine. The mixture was loaded in a hardened steel vial with ZrO 2 balls (3 mm of diameter) to give a ball-to-powder weight ratio of 10:1. The powders were mechanically alloyed for 4 hours with a rotational speed of 400 rpm without addition of any process control agent to avoid contamination of the powder. Binder for green strength was polyvinylalcohol (PVA). Metal powders were mixed with 1.5 wt. % PVA. Mixtures were compacted at 250 MPa into cylindrical specimens with a diameter of 12 mm and heights of 15-17 mm. The sintering cycle was consisted of heating at a rate of 5
• C/minutes to 400
• C (debinding) with a dwell time of 40 minutes, followed by heating at a rate of 11
• C/minutes to sintering temperatures. Specimens were sintered at 580
• C for 60 minutes in argon atmosphere. The precipitation hardening heat treatment was consisted of two steps. Specimens were heated to 400
• C for 1 hour duration followed by quenching. Quenched specimens were precipitation hardened at 200
• C for 1 hour.
Microstructure characterization and ultrasonic testing
Microstructure of the specimens was examined by field emission gun-scanning electron microscopy (FEG-SEM), FEI Quanta FEG 450. X-ray diffraction (XRD) analysis (Rigaku D/Max-2200/PC) was used to characterize the alloys. Among nondestructive techniques, ultrasonic testing is the most used. Ultrasonic velocity is related to Young's modulus and density of material. Ultrasonic wave is influenced by microstructure, which determines mechanical properties. Hence, a possibility exists for the characterization of microstructure and mechanical properties. Ultrasonic wave velocities were measured by using the pulse-echo method. A pulse-receiver-type ultrasonic instrument (General Electric, USMGo), with 4 MHz normal beam wave transducer, was used for the ultrasonic velocity measurements. Young's modulus of the specimens was determined by ultrasonic velocity measurements and the density of the materials. Young's modulus (E) was calculated by using the following equation [18] by the material density (), ultrasonic longitudinal velocity (V L ), and ultrasonic transverse velocity (V T ). Densities of the specimens were determined by the mass over volume method. 
Electrochemical corrosion study
Electrochemical corrosion studies were carried out using a potentiostat (Interface 1000 Potentiostat/Galvanostat/ZRA, Gamry Instruments Inc., USA) controlled by a personal computer. The volume of the glass corrosion test cell was 1000 mL. A conventional three-electrode system with a high-density graphite rod as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode, and a specimen as a working electrode was used. Data acquisition was carried I. MUTLU out through a computer software (Framework, Version 6.04, Gamry Instruments, USA), whereas data analysis was carried out by Echem Analyst Software, Version 6.04, Gamry Instruments, USA. Specimens were prepared by being cut and then mounted into epoxy resin. So, only circular cross section with a diameter of about 10 mm of the specimens was exposed to the solution. The specimens were connected to a copper wire. All the corrosion experiments were carried out at room temperature. Open circuit potential (OCP) of the specimens was measured before carrying out the electrochemical corrosion experiments. The open circuit potential (OCP) level was measured for durations of 2 to 3 hours, until the OCP was stabilized. Tafel curves were obtained by polarizing the specimens from -250 mV to +250 mV (vs. SCE), with respect to the OCP, at a scan rate of 1.0 mV/s. The corrosion rate was calculated by the software (DC105, Gamry). Calculations were based on the numerical curve fit to the Butler-Volmer equation. Corrosion rate (mm year -1 ), corrosion potential (E corr ), corrosion current density (I corr ), the anodic beta Tafel constant (␤ anode ), the cathodic beta Tafel constant (␤ cathode ) values were calculated. Beta (␤) coefficients give kinetic information about anodic and cathodic reactions. In the linear polarization resistance (LPR) test, the specimens were polarized from -20 mV to +20 mV (vs. SCE), at a scanning rate of 0.125 mV/s, to measure polarization resistance and corrosion rate of the specimens.
Cyclic polarization tests were carried out from -500 mV (vs. SCE) to apex potential and to final potential, which was 0 mV (vs. SCE). The forward and reverse polarization scan rates were 5 and 2.5 mV/s, respectively. The cyclic (forward and reverse) polarization technique was used to evaluate tendency to localized corrosion (pitting) in corrosive environment. Considerable hysteresis between the forward and reverse polarization sweeps is an indication of the pit formation.
Static immersion test
Specimens were exposed to simulated body fluid (SBF) solution at room temperature for times up to 120 hours. Samples were immersed in a 500 mL solution. Surface area of each specimen was equal in immersion tests. The solution volume-tosurface area ratio was constant in all the tests. Inductively coupled plasma-mass spectrometer, ICP-MS (Thermo Scientific Elemental X Series 2), was employed to measure the Mg ions. Weight loss/gain values of the specimens were determined by the gravimetric method. After different soaking periods, the specimens were removed from the SBF solutions. Then the specimens were rinsed with distilled water and then dried. The dried specimens were weighed and weight gain was determined. The immersed samples were cleaned using a solution of 180 g/L chromic acid to remove the surface corrosion product, and then rinsed with ethanol, dried in air, and finally weighed to calculate the weight loss value [26] [27] [28] .
Results and discussion
Microstructure
In the present study, the Mg-Ca-Zn-Co alloy specimens were produced by the powder metallurgy method for biomedical implant (scaffold) applications. Figure 1 shows the SEM images of the ( figure 1A ) Mg, (figure 1B) Ca, ( figure 1C ) Zn, and ( figure 1D ) Co powders. Figure 2 shows the x-ray diffraction (XRD) patterns of the (figure 2A) Mg powder and (figure 2B) sintered Mg alloy specimen. As-received Mg powder consists of Mg phase. Sintered Mg-Ca-Zn-Co alloy specimen was mainly consisted of Mg phase. Some Ca phase, Co phase (MgCo), Zn phase (MgZn), and oxide (MgO) were also formed on the surfaces of the sintered Mg-Ca-Zn-Co alloy specimens.
Mechanical properties
Addition of Co to the alloy can increase the Young's modulus of the specimens. Precipitation hardening involves dislocation particle interaction, load transfer from matrix to the particles, generation of dislocation due to the difference between thermal expansions of matrix and the particles, generation of dislocation due to geometric requirements in deformation. These phases become sites to pin movement of dislocations. Strength is improved due to the fine precipitates. Addition of Zn could refine the grain size and improve mechanical pro- Improved strength was attributed to the fine grain size and homogeneous second precipitates. Zn can be added to the Mg alloy as a grain refiner. Increasing the Zn content of the alloys can produce a decrease in the grain size and improve mechanical properties. Figure 3 shows the effect of Zn content of the alloy on the ( figure 3A) Young's modulus of the sintered specimens and (figure 3B) grain size of the sintered specimen. As seen from figure 3A , Zn addition to the alloy increased the Young's modulus of the sintered specimens. Figure 3B shows the effect of Zn content of the alloy on the grain size, which is determined by ultrasonic velocity measurements, of the sintered specimen. As seen from figure 3B , Zn addition to the alloy decreased the grain size of the sintered specimens. Grain size decreases with increasing Zn content. Zn resolves in the Mg when Zn content is 1-2 wt. %, which can improve strength by solidsolution strengthening. When Zn is 4 or 6 wt. %, Mg-Zn phases precipitated from matrix. Such an effect enhances the strength by dispersion strengthening. Zn can act as a constituent to refine microstructure of the matrix and to improve the strength [1-3, 9, 10] . Figure 4 shows the effect of Co content of the Mg-Ca-Zn-Co alloy on the Young's modulus of the specimens. As seen from figure 4, Co addition increased the Young's modulus of the specimens. High strength and low Young's modulus that are compatible with the bone are essential for the selection of biomedical implant (hard tissue) materials. If the Young's modulus of an implant material is compatible with cancellous bone, bone growth may be stimulated and a healthy bone structure maintained to avoid bone resorption.
Electrochemical corrosion tests
Tafel tests
Tafel curves were used to examine the electrochemical corrosion behavior of the specimens. Figure 5 shows the effect of Ca content, Zn content, Co content of the Mg-Ca-Zn-Co alloy, and heat treatment (precipitation hardening) on the Tafel curves. As shown in figure 5 , increasing Ca, Zn, and Co contents of the alloy increased the electrochemical corrosion potential and increased the corrosion current density of the specimens. As shown in figure 5D , heat treatment (precipitation hardening) decreased the electrochemical corrosion potential and increased the corrosion current density of the specimens.
Ca addition to the Mg-Zn-Co alloy reduced the electrochemical corrosion rates of the alloy. However, larger amounts of the Ca above about 0.7 wt. % increased the electrochemical corrosion rate (current density) of the alloy. Addition of Zn to the Mg-Ca-Co alloy decreased the electrochemical corrosion rates of the alloy. However, larger amounts of the Zn above 3 wt. % increased the electrochemical corrosion rates (current density). These results were in agreement with the literature [1-3, 9, 10]. Table 1 shows the corrosion parameters obtained from the Tafel curves. Corrosion rate (mm year -1 ), corrosion potential (E corr ), corrosion current density (I corr ), the anodic beta Tafel constant (␤ anode ), and the cathodic beta Tafel constant (␤ cathode ) values are given.
Linear polarization tests Figure 6 shows the effect of Zn and Co contents of the Mg-Ca-Zn-Co alloy on the polarization resistance and corrosion rate, whereas figure 7 shows the effect of Ca contents of the Mg-Ca-Zn-Co alloy and heat treatment (precipitation hardening) on the polarization resistance and corrosion rate. In general, polarization resistance is connected with kinetic phenomena at the metal-solution interface. In general, polarization resistance and corrosion rate values characterize the protection degree of the passive surface oxide layer.
As seen from figure 6 , addition of Zn to the Mg-Ca-Co alloy decreased the electrochemical corrosion rates of the alloy. However, larger amount of the Zn above 3 wt. % increased the electrochemical corrosion rates. Addition of Zn increased the polarization resistance. Larger amount of the Zn above 3 wt. % decreased the polarization resistance of the specimens. Meanwhile, increasing the Co content of the Mg-Ca-Zn-Co alloy from 0.3 wt.% to 0.6 wt.% decreased the polarization resistance and increased the corrosion rate of the specimens. As seen from figure 7 , addition of Ca to the Mg-Zn-Co alloy decreased the electrochemical corrosion rates of the alloy. However, larger amount 
Cyclic polarization test
Cyclic polarization is used to qualitatively evaluate tendency to localized corrosion (pitting or crevice). In general, hysteresis between forward and reverse sweeps during cyclic polarization is an indication of localized corrosion (pitting). Figure 8 shows the effect of Ca, Zn, and Co contents of alloy and heat treatment (precipitation hardening) on the cyclic polarization curves. As seen from figure 8, increasing Ca, Zn, and Co contents of the alloy decreased the localized corrosion resistance of the specimens. As seen from figure 8 , there was not a considerable hysteresis (loop) in the cyclic polarization curves, with increasing Ca, Zn, and Co contents of the alloy. Precipitation hardening slightly decreased the localized corrosion resistance of the alloy. Cyclic polarization curves were also analyzed in terms of breakdown potential (E bd ), which is top of the loop in the forward polarization region, and repassivation potential (E rp ), which is the intersection point of the forward and reverse polarization curves. Breakdown potential corresponds to potential for new pit formation and stable pit growth. In general, increase in the resistance to pitting is associated with increase in the E bd . Pits are initiated above E bd , but if pits were once initiated they propagate at all potentials above E rp . Thus, E rp is used in the design as protection potential. A metal will resist to pitting if its potential is kept below E rp . Below E rp all the pits repassivate. Increasing Zn and Co contents decreased the E bd and E rp .
Static immersion test
Determination of the interaction of biomaterials with human body fluids is important. Figure 9 shows the effect of immersion time on the (figure 9A) weight gain, (figure 9B) weight loss, and (figure 9C) Mg ion release of the alloy in simulated body fluid (SBF) environment. As seen from figure 9A, weight gain was increased with increasing immersion time in SBF. As seen from figure 9B weight loss was also increased with increasing immersion time.
Weight loss was observed in the specimens, which cleaned using chromic acid. Weight loss of the Mg alloys in the SBF environments happens as a result of dissolving of Mg by the reaction between Mg and SBF solutions. Weight gain was observed in the specimens, which did not clean using chromic acid. Weight gain of the Mg alloys in SBF happens as a result of formation of insoluble corrosion (precipitation) products on the specimen surface [26] [27] [28] . Figure 9C shows the effect of immersion time on the Mg ion release in the simulated body fluid (SBF) solution. It can be seen from the figure 9C that increasing immersion time increased the quantities of released metal (Mg) ions.
Conclusions
In this study, Mg-Ca-Zn-Co alloy specimens for biomedical applications were produced by the powder metallurgy method. The Mg-Ca-Zn-Co alloy could be a scaffold material for hard tissue generation in tissue engineering applications. Electrochemical corrosion behavior of the specimens was examined in the simulated body fluid. Corrosion behavior of the specimens was slightly increased with increasing Zn and Ca contents of the Mg-Ca-Zn-Co alloy up to an optimum composition and then decreased. Addition of Zn to the Mg-Ca-Co alloy decreased the corrosion rates of the alloy. However, larger amount of the Zn above 3.0 wt. % increased the corrosion rates. Addition of Ca to the Mg-Zn-Co alloy decreased the corrosion rates. However, larger amount of the Ca above 0.7 wt. % increased the corrosion rates. Increasing the Co content of the Mg-CaZn-Co alloy from 0.3 to 0.6 wt.% increased the corrosion rate of the specimens. Precipitation hardening of the Mg-Ca-Zn-Co alloy increased the corrosion rate. Mechanical properties (Young's modulus) of the specimens were determined. Zn and Co additions to the alloy increased the Young's modulus of the specimens. As Mg is a highly active metal, Ca addition to the Mg prevented the oxidation of the specimens during sintering. Electrochemical corrosion behavior of the Mg alloy can be optimized with alloying. Young's modulus of the alloys can also be improved to the desired levels for biomedical implant applications. As a result, the Mg-Ca-Zn-Co alloy can be used as a scaffold material in tissue engineering applications.
